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Regional Myocardial Volume Alterations Induced by Brief Repeated
Coronary Occlusion in Conscious Dogs
MASATOSHI FUJITA, MD,* ATSUSHI MIKUNIYA, MD, DANIEL P . McKOWN,
MICHAEL D . McKOWN, DEAN FRANKLIN
Colrunbio, 3fisswrri
The purpose of th is study was to evaluate whether brief
repeated coronary occlusions induce changes in regional myo-
cardial geometry at rest . Five conscious dogs were bistru-
mented for the measurement of subendocardial segment
length and trananural wall thickness in the Ischemk area,
subetdacardial segment length in the normally perfused area,
coronary flow and let ventricular pressure. After recovery
from surgery, 180 (mean) 2 min coronary occlusions were
given over a period of 20 days . The heart rate at rest, left
ventricular peak systolic and end-diastolic pressures and peak
pe4tive first derivative of left ventricular pressure (dP/d0
remained unchanged throughout the experiment,
in the normal area, the end-diastolic segment length at
Recently, we observed (1,2) that repeated 2 min coronary
occlusions induce sufficient development of the collateral
circulation to meet at least the metabolic requirement at rest
in the myocardium rendered ischemic. We hypothesized that
the brief repeated coronary occlusions may induce regional
myocardial hypertrophy confined to the area perfused by the
periodically occluded artery . Thus, the present study was
performed to detect alterations in regional myocardial vol-
ume at rest in both the ischemie and the nonischemic area
with use of the ultrasound dimension gauge technique before
and after repeated 2 min coronary artery occlusions,
Methods
Experimental preparation
. Five healthy adult mongrel
dogs, weighing 201o 29 kg (mean 24
.4 kg) . were anesthetized
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rest did not change significantly . By contrast, in the isch-
endc area, at 14 days after the initiation of repeated
coronary occlusion, the end-diastolic regional cross .
sectional area (product of segment length and wall thick-
ness( at rest had Increased by 9 .7% (p < 0.05) ; thereafter
It decreased to 6.5% (p < 0.05) above the value at rest
before repeated occlusion despite an additional 6 days of
coronary occlusions, At 10 days after the Interruption of
repeated occlusion, this value had regressed to 4 .3% Its =
N8) above control . These findings suggest the occurrence of
regional myocardial hypertrophy confined to the ischemic
area in response to the periodic ischemle stimulus .
(J Am Cog Candle) 1988;12 :1048-53)
with a single intravenous dose of pentobarbital (30 mg/kg
body weight), and the chest was opened in the fifth left
intercostal space. Respiration was maintained through an
endotracheal tube with use of a Harvard respirator . A high
fidelity micromanometer (Konigsberg P-22) and a fluid-filled
catheter (Tygon, inner diameter 1
.3 mm) were inserted into
the left ventricular cavity through the cardiac apex (Fig. 1) .
The left circumflex coronary artery was dissected free near
its origin, and a pulsed Doppler flow probe (inner diameter 4
mm, 10 MHz) and a pneumatic cuff occtuder were
placed
around the vessel . The flow probe was positioned proximal
to the occluder and both instruments were placed proximal
to the first marginal branch .
Two pairs of ultrasound crystals (2
.0 mm in diameter, 5
MHz) were implanted subendocardially for the measurement
of segment length . Each pair was positioned in a circumfer-
ential plane in the normally perfused area of anterior wall
and in a region to be rendered ischemic near the base of the
posterior papillary muscle (3).
Wall thickness was measured
close to the crystal pair for the segment length in the
posterior wall, The endocardial crystal, 2 .0 mm in diameter,
was inserted through a diagonal tract and the epicardial
crystal. 4.0 mm in diameter, with Teflon patch (6 x 6 mm)
was sutured to the epicardial surface, where ultrasound
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Figure f. Instalments for direct measurement of left ventricular
pressure, left circumflex coronary artery blood flow and segment
dimensions were implanted at sterile surgery
. An externally inflat-
able pneumatic occluder was placed to occlude the circumflex artery
for selected duration at selected intervals . In the normally perfused
(control) segment, one crystal pair was implanted suhendocardially
in the circumferential plane for measurement of segment length . In
the segment to he rendered ischemic by inflation of the ocduder,
one crystal pair was positioned for measuring subendocardial seg-
ment length and the other pair was placed across the myocardium
for measurement of wall
thickness,
transit time was the shortest (4). The pericardidm was loft
open, and all wires and tubes were tunneled subcutanecusby
and exteriorized between the scapulae .
Study protocol. Studies began 2 weeks postoperatively,
when the dogs appeared to be active and healthy . Control
records of left ventricular pressure, ventricular dimensions
and coronary flow were obtained with the animal lying
quietly on its right side in a conscious, unsednied state . The
left circumflex coronary artery was then occluded abruptly
by inflating the pneumatic occluder for 2 lain
. The complete-
ness of occlusion was confirmed by coronary flow measure-
ment . Subsequently, 2 min coronary occlusions were re-
peated at 30 min intervals for 8 h, 5 days a week . Recordings
were carried out daily until the percent reduction in suben-
docardial segment shortening in the central ischemic area at
the end of 2 min coronary occlusion was <5% at which time
the- collateral circulation was considered to be sufficient for
metabolic requirements at rest over the a°tire ischemic area
(1) . Thereafter, the changes in regional myocardial geometry
and function at rest were monitored without coronary occlu-
sion.
Postmortem study .
At the completion of the experi-
ments, the dogs were killed with an intravenous overdose of
pentobarbital followed by potassium chloride . The heart was
removed and the potency of the loft circumflex coronary
artery was confirmed usin; catheters . The heart was then
placed in 10% buffered formalin for several days to facilitate
sectioning for the assessment of myocardial abnormalities
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and the position of crystals . On grass examination, aside
from a I mm rim of fibrous tissue surrounding the subende-
cardial crystals and stainless steel wires, there was no
evidence of fibrosis or small foci of necrosis .
Data analysis
. All data and appropriate calibration sig-
nals were recorded on a Could forced-ink oscillograph and a
multichannel magnetic '/ in. 11 .27 call videotape and played
back on a direct writing Oscillograph at a paper speed of 50
malls. The micromanmneter was calibrated against pressure
recorded through the indwelling left ventricular catheter.
The value of the first derivative of left ventricular pressure
WP/dl
was derived using an electronic differentiator . A
triangular wave signal with known slope was substituted for
the pressure signal for direct calibration of dP/dt . A cardio-
tachometer, triggered by the pressure pulse signal, provided
a continuous record of heart rate . Both the segment length
and the wall thickness were measured by the transit time of
ultrasound between each crystal pair . The resolution of this
instrumentation is approximately 0.05 mm . Calibration of
the dimension gauge was performed by substituting signals
of known time duration from a calibrated pulse generator (3).
Calibration was repeated before each experiment to elimi-
nate any possible drift of the instrument .
Ead-diastolic segment length fEDL) and waft thickness
(EDWT)
were measured at the point just before the onset of
the positive dPidt signal, and end-systolic segment length
(ESL) and wall thickness (ESN -1T) were measured 20 ms
before the nadir of negative dPldt . To compare the different
segments, each dimension was normalized to a 10 mm initial
end-diastolic segment length and wall thickness by dividing
by control end-diastolic dimensions and multiplying by 10.
The percent of segment shortening and wall thickening was
calculated by the formulas (EDL - ESL) x 100/EDL and
IESWT - EDWT) x ittOIEDWT, respectively . End-
diastolic regional cross-sectional area was calculated as
EDL x EDWT
.
Statistics. All data points were averaged over 10 consec-
utive beats . The hemodynamic, watt thickness and regional
cross-sectional area data were analyzed using the analysis of
variance (ANOVA) for randomized block design . When
AD :OVA showed a statistically significant difference, the
Bonferroni multiple comparison method was applied . The
segment length data were analyzed with a two-way
ANOVA, and Bonferroni s test was subsequently used . The
level of statistical significance was p < 0.05
. All data are
presented as mean values t SD .
Results
Collateral flow development. To develop the collateral
vessels sufficiently to meet myocardial oxygen requirement
at rest in the area supplied by the circumflex coronary
artery, 180 ± 66 2 min occlusions were necessary in 20 ± 7
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Table 1 . Hemodynamics and Regional Ventricular Geometry and Function During Conditions at
Rest Before and After Repeated Coronary Occlusions
	p
< 0.05 versus control : t significantly different from peak values in end-diastolic regional cross-sectional area .
Values are mean ± SD . CD = at rest after adequate collateral flow development : dP/dt = peak positive dP/dt (mm
Hg/s); EDL = erd .diastolic segment length (mm); EDRCSA = end-diastolic regional crass-sectional area (ram s ):
EDWT = end-diastolic wall thickness Imo);HR = heart rate (beatslmin) : ischemic area = area perrused by the left
circumflex coronary artery ; LVEDP = left ventricular end-diastolic pressure (mm Hg) ; LVPSP = left ventricular
peak systolic pressure (mm Hg u; normal area = area perfused by the left nelenor descending coronary artery ; ^/oAL
= percent segment shortening : fAWT = percent we111hickening .
days . The changes in regional myocardial geometry and
function at rest were then monitored for 10 days.
Ifemodynamic changes (Table 1). The heart rate at rest at
the time of sufficient collateral flow development tended to
be lower than that in the other three stages . Left ventricular
peak systolic and end-diastolic pressures remained un-
changed throughout the period of study, whereas left ven-
tricular dP/dt tended to decrease gradually .
Changes in regional myocardial geometry and function
(Table 1) .
Figure 2 shows the long-term effects of repeated
coronary occlusions on regional geometric and functional
changes in the preocclusion state at rest in a representative
experiment
In the normal area, the changes in end-diastolic segment
length at rest and segment systolic shortening in the five dogs
were minimal throughout the experiment (Table 1) .
1,1 the ischemic area, after repeated coronary occlusion,
the end-diastolic length at rest gradually increased. Two
weeks after repeated occlusion, the end-diastolic length was
5% (p < 0.05) greater than control
. At the time of collateral
flow development, the end-diastolic length was 5 .5% (p <
0 .05) above control . Subsequently, the end-diastolic length
decreased to 3 .7% above control at 10 days after collateral
flow development .
The systolic segment shortening at rest was not affected
by the repeated occlusions
. The end-diastolic wall thickness
increased by 4 .5% at 2 weeks after repeated occlusion, but it
JACC Vol . 12 . No . 4
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was only 1 .0% above control at the time of collateral flow
development, presumably because of the lower heart rate .
Thereafter, the wall thickness did not change . The systolic
wall thickening at rest of 27 .7
.
6.1% in the control state did
not change significantly throughout the observation period .
Calculated end-diastolic cross-sectional area increased max-
imally by 9.7% (p < 0.05) after 2 weeks of repeated coronary
occlusions . Then, there was gradual regression in cross-
sectional area . At the time of collateral flow development, it
was still 6.5% (p < 0.05) greater than control, but the
significant change in cross-sectional area was not detected at
10 days after interruption of occlusion (Table 1).
Figure 3 represents the day-to-day changes in rest end-
diastolic segment length, wall thickness and regional cross-
sectional area in the ischemic zone in a different dog from
that in Figure 2
. Sequential changes in end-diastolic regional
cross-sectional area at rest in the five dogs instrumented for
simultaneous measurements of segment length and wall
thickness are also shown in Figure 4 .
Discussion
Methodologic considerations . Since Theroux et al . (5)
utilized ultrasound dimension gauges in long-term animal
preparations, accurate and relatively atraumatic character-
istics of these instruments over time, including wall thick-
ness measurement, have been verified by many investigators
Control
Peak Values
in EDRCSA CD Regression
Days 14 0 5 20 0 7 30 z 8
No . ofocc6ions 123 1 52 180 0 66
Hemodynamic data In = 51
HR 80 =_ 13 79 0 14
64 * 14 90 0 14
LVPSP 116 1 24 116, 16 112 0 19 121 0 21
LVEDP 7.004 .0 8.712.6 8 .2
	
2 .0 8.5=4 .0
dPldt 2793 1 625 2694 ± 478 2640 ± 628 2537 ± 443
Normal area measurements In = 4)
EDL 10 10.08 1 0.29 10 .04 z 0 .34 9.84 1 0 .59
%AL 22.71 12 22.9 , 0 .6 22 .7 1 2 .1 20 .1 0 1 .8
Ischemic area measurements In = 5)
EDL 10 10.50 1 0 .34" 10 .55 *_ 0.34 10 .37 2 0.50
GAL 18.614 .4 20.4 5 .5 21.0!4 .2 18 .6 , 6.2
EDWT 10 10.45 _ 0 .22 10 .10 0 0 .18 10.07 1 0.38
OAWT 27.7 *_ 6.1 25.1 1 7 .4 27 .1 *_ 8.3 25 .01 4.7
EDRCSA 100 109.7'_ 4 .3" 106 .5 1 4.21
t
104 .3 *_ 4.60
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Figure 2- Recording of left ventricular pressure (LVP) and its first
derivative (dP/dt), regional myocardial dimensions and heart rate . In
this dog, end-diastolic regional cross-sectional
area at rest increased
by a maximum of 9.4% above control before the 108th occlusion.
LCCA = left circumflex coronary artery .
(6-8) . However, there appears to be potential error in
analyzing myocardial volume with the single use of wall
thickness measurement because the wall thickness change
may be largely affected by the heart size . In the present
Figure 3. Percent increase in end-diastolic
segment length (EDL)-
end-diastolic wall thickness (EDWT) and end-diastolic regional
cross-sectional area (EDRCSA) at rest was plotted as a function of
time in a representative dog. Measurements were obtained before
the first occlusion on each day to minimize the
influence of previous
occlusions . Gradual increase
in end-diastolic cross-sectional area
was induced by repeated, brief occlusions, and the regional myo-
cardial volume was maximally augmented
0 days before functional
recovery, which occurred during the I i th occlusion on the 30th day .
Closed squares = coronary occlusions ; functional recovery = no
reduction in regional myocardial
function in the central ischemic
zone during coronary occlusion, suggesting adequate collateral flow
development in the posterior wall; # of LCCA occlusions
a
number
of left circumflex coronary artery occlusions .
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investigation, simultaneously measured subendocardial seg-
ment length and wall thickness in the ischemic zone allowed
us to estimate the regional myocardial volume change in
quantitative terms. It must be considered, however, that the
changes in distance from base to apex may modify
the
transverse cross-sectional area. Because it has been docu-
mented (6) that the major axis diameter of the
left ventricle
represents the same directional change as minor axis diam-
eter in various loading conditions, it is likely
that our
Figure 4, Changes :n regional myocardial volume in the ischemic
area measured in five dogs instmmented for measurements of both
segment length and wall thickness in the central ischemic zone
.
End-diastolic regional cross-sectional area at rest normalized to 100
mm' of control values before occlusions was plotted as a function of
time after the beginning of coronary occlusion
; at the time of peak
values in calculated cross-sectional area (dosed circles), adequate
collateral flaw development (closed triangles) and regression after
interruption of repeated oulusiuns (closed squares).
--
.due t» d
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assessment of regional myocardial volume change after
repeated ischemic episodes underestimates the true myocar-
dial volume change
. Progressive constriction of the instru-
mented tell circumflex coronary artery may be partly re-
sponsible for the observed changes. This could be ruled out
by the results on Doppler flow measurements obtained late
in the course of our study or by the postmortem analysis of
the instrumented coronary artery .
Mechanisms for increases in regional myocardial volume at
rest .
Although in the present study regional myocardial
volume in the ischemic area increased significantly, no
histologic evidence was obtained because the changes in
regional myocardial volume were evaluated after removal of
the ischemic stimulus
. It is speculated that either an increase
in regional wall stress or repeated hypoxia might be the
stimulus for regional myocardial hypertrophy . In this study,
it is probable that during coronary occlusion, systolic wall
stress in the ischemic region is further augmented as com-
pared with the normal region because the pansystolic bulge
associated with wall thinning contributes to an increase in
regional systolic wall stress . Another possible cause for
alterations in myocardial volume under conditions at rest is
sustained interstitial edema or cellular swelling after the
ischemic insult (9). During the first 2 min of coronary
occlusion, the regional cross-sectional area in the zone
supplied by the occluded vessel increased gradually by 3 .7 ±
4 .7%. After the stepwise increase occurring immediately
after release of occlusion, the cross-seclio .r:al area decreased
to the preocclusion control level until 5 min of reperfusion .
The precise mechanism for these alterations in myocardial
volume must be clarified in future investigations ; however,
we have documented that the change in myocardial volume
caused by 2 min coronary occlusion subsides within the
early reperfusion period . Thus, our findings suggest that the
increase in regional myocardial volume induced by a peri-
odic ischemic stimulus may in part be due to regional
myocardial hypertrophy confined to the area rendered ische-
mic . Our results are in concordance with previous studies
(10-12) that documented that myocardial ischemia or infarc-
tion, or both, induce myocardial hypertrophy .
Distribution of regional myocardial volume changes . Be-
cause the myocardial volume in the five dogs studied was
measured in a given area of the central ischemic zone, the
precise distribution of augmented myocardial volume over
the perfusion territory of the occluded vessel remains un-
clear . However, it has been observed (1) that during coro-
nary occlusion, throughout the period of collateral flow
development, the extent of myocardial dysfunction in the
subendocardium midway between the apex and central core
of ischemic is similar to that in the central ischemic zone .
Consequently, it is logically assumed that the myocardial
volume change occurs relatively homogenously through the
occluded coronary bed .
Pattern of regional myocardial hypertrophy
. Karsner et
al . (13) reported that the breadth of the myocardial fibers in
hypertrophic hearts increases an average of 80% compared
with the value in normal hearts. Furthermore . Laks et al
.
(14) confirmed that myocardial fibers also increase in length
by adding new sarcomeres in series
. These histologic
changes may be related to the analysis of alterations in
myocardial geometry in the regions at jeopardy
. In the
present study, a pair of ultrasound crystals for segment
length was implanted in the inner one-third of the ventricular
wall, where myocardial fibers were circumferentially ori-
ented (15) . Therefore, it is likely that the increase in segment
length, indicates hypertrophy due to increase in length,
whereas the increase in wall thickness more likely reflects
hypertrophy due to increase in width
.
Regression of regional myocardial hypertrophy
. It is well
known that the hypertrophied ventricle regresses on removal
of the stimulus for activation of protein synthesis (16). In the
present study, regional myocardial volume was at its peak
value 6 days before the functional recovery despite incessant
coronary occlusions. It would be reasonable to ascribe this
early onset of regression in myocardial mass to either the
decreased systolic wall stress or alleviation of myocardial
hypoxia secondary to improvement in regional myocardial
function during occlusion . Thus, at the time of functional
recovery due to sufficient collateral blood flow, the regres-
sion in regional myocardial volume was substantial
; thereaf-
ter, the regression ensued slowly after the cessation of the
occlusions. This early regression in regional myocardial
volume unabled us to obtain histologic evidence of hyper-
trophy . Indeed, we can speculate that histologic hypertro-
phy regresses within 10 days after the cessation of the
ischemic stimulus.
Conclusions. The ultrasound techniques we employed
allowed serial quantitative evaluation of changes in regional
myocardial volume and function at rest after repeated tran-
sient coronary occlusions. We conclude that increases in
myocardial volume confined to the region at risk do occur in
response to a periodic ischemic stimulus
. Such serial mea-
surements of regional myocardial volume would provide the
appropriate timing for histopathologic approaches to the
study of regional myocardial hypertrophy induced by vari-
ous interventions.
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